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We define a CP-asymmetric observable that is sensitive to CP-violating interactions in the gauge-boson
sector. We illustrate the utility of this observable by studying how well the LHC can measure the
coefficient of a particular dimension-six WWZ operator. We find that sensitivity at the 103 level is
possible at the LHC with 100 fb1 of integrated luminosity, which would greatly exceed the sensitivity
achieved at LEP, and would rival or may even better the indirect sensitivities inferred from related
operators constrained by electric dipole moment experiments.
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I. PROBING CP-VIOLATION
One of the most well-motivated possibilities for new
physics is CP violation. Many new experimental probes
of CP violation have been studied, both at accelerators and
at other experiments. There are several reasons for this.
Firstly, CP violation has been observed in kaon decays,
and there is great interest in determining all possible
theoretical sources of new physics that could contribute,
as well as possible new experimental signatures of CP
violation. Secondly, CP violation is required for baryo-
genesis. The known source of CP violation in the standard
model (SM)—the Cabibbo-Kobayashi-Maskawa phase—
is not sufficient to generate the known baryon asymmetry,
and so some other source is needed.
In general, CP violation can be induced in the gauge-
boson sector. For instance, an exotic fermion coupled to the
electroweak bosons can induce CP-violating couplings.
The large number of fermions that can arise in intersecting
brane models of string theory could thus be a source of
large CP violation in the gauge-boson sector. Absent an
argument based on symmetry (or a fixed choice of new
physics model), there is no reason for those gauge-boson
sector couplings to be suppressed by any factors except the
scale of new physics. It is therefore of great interest to look
for the effects of such new physics (related triple gauge-
boson coupling signatures from string theory have been
discussed in [1]).
In this paper, we discuss the possibility of probing CP
violation in the gauge-boson sector at colliders, and in
particular, at the Large Hadron Collider (LHC). We intro-
duce observables that are directly sensitive toCP violation,
and argue that they can be utilized to probe CP-violating
couplings at a wide variety of accelerator experiments, and
for a large class of new physics models. We apply this to
the specific operator that contributes to the triple-gauge-
boson (WWZ) vertex, and show that collider searches can
improve current bounds on this operator by well over an
order of magnitude.
II. CP VIOLATION IN THE WWZ TRIPLE GAUGE
COUPLINGS
We begin by considering new physics that modifies the
WWZ vertex. The WWZ vertex can, up to general dimen-
sion six operators, be parameterized in terms of the effec-
tive Lagrangian [2]
iLeff ¼ gWWZ½gZ1ZðWWþ WþWÞ þ ZWþW Z þ
Z
m2W
ZWþ W þ igZ5ðð@WÞWþ









where W ¼ @W  @W, Z ¼ @Z  @Z. In
the SM, gZ1 ¼ Z ¼ 1, and all the other terms are zero.
In this Lagrangian, gZ1 , Z, Z, g
Z
5 are CP conserving,
and the other terms are CP violating. The CP-conserving
operators have been studied in great detail [3], and the
bounds on these parameters have been analyzed (see e.g.,
LEP studies in [4]). The CP-violating operators have also
been studied at colliders [5,6], but the bounds are only at
best0:1. The DELPHI Collaboration [6] used the process
eþe ! WþW ! lq qðl ¼ e=Þ to obtain the mea-
surements
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~ Z ¼ 0:09þ0:080:05; (3)
~ Z ¼ 0:08 0:07 (4)
LEP and Tevatron sensitivities to the related coefficient ~

are only at ~
  0:3 [7,8].
We will now consider the sensitivity to the LHC to these
coefficients. We consider a scattering process with matrix
elementM0 þ M, whereM0 is the SM matrix element
and M is the contribution arising from new physics. The
leading change in the cross section due to new physics is
then the interference term
 / <ðM0MÞ: (5)
We now wish to look for CP-violating physics in the
interference effects. We assume that the SM matrix ele-
ment is CP conserving; this will be the case in any process
for which fewer than three generations participate. Even
more generally, the only source of SM CP violation is the
small contribution from the Cabibbo-Kobayashi-Maskawa
phase, and we assume new physics to carry the larger
contribution. This assumption is especially warranted if
we envision the new CP violation as accounting for the
baryon asymmetry.
To look for the effects of new physics, we note that a
term in the cross section proportional to  is always a
signal of CP-violating physics. One way to see this is that
such a term is odd under naive time reversal (the flip t!
t). This suggests that it will probe a CP-violating term.
Indeed, explicit computations using the effective
Lagrangian (1) show that all terms proportional to the
epsilon tensor in the interference term are proportional to
CP-violating coefficients. Note that gZ5 is the coefficient of
a parity-violating, CP-conserving operator, which also is
proportional to the  tensor. But because this term comes
with an imaginary coefficient, it will cancel out of the
interference cross section.
We will therefore focus on terms in the cross section
proportional to  / . Experimental signals of these
terms can be used to probe the couplings gZ4 , ~Z,
~Z. In this
note, we shall discuss the experimental sensitivities on ~Z,
leaving the more exhaustive analysis for future work.
III. SIGNALS OF CP VIOLATION
One can write the first-order shift in the differential cross

















The SM matrix elementM0 is given by W,Z production
via t- and u-channel exchange of a quark, and by s-channel
production of an off-shell W boson decaying to W, Z via
the SM WWZ vertex
 ¼ ie cotWðk1g  k1g  k2g þ k2g
þ kZg  kZgÞ: (7)
Here, k1;2 are the momenta of the W’s, and kZ is the
momentum of the Z.
If ~Z is nonzero, the WWZ vertex is shifted by a term of
the form
 ¼ e cotW {
~Z
M2W
ðk2k2 k1 þ k1k2 k1
 k1  k2k2 k1Þ: (8)
This vertex will lead to a potentially observable correction
to the cross section for WZ production at the LHC.
The immediate difficulty is that a spin-averaged 2! 2
scattering process cannot yield a term in the cross section
proportional to the epsilon tensor. This is because there are
only 3 independent momenta in a 2! 2 process, while the
 contribution will be nonzero only if contracted into 4
independent momenta. For example, one cannot detect an
asymmetry in the spin-averaged process q q! WZ.
To obtain an asymmetry, one must keep track of the
polarization of the outgoing gauge bosons. There is vast
literature on measuring W and Z polarizations, via asym-
metries in their decays to leptons or jets. A complete
analysis using these polarizations is left for future work.
For this analysis, we shall instead focus on a particular
decay channelW ! l, Z! ll, which has a clean trilepton
signal. This will enable us to use the background analysis
of [9].
Specifically, we denote by pq and p q the momenta of the
incoming quark and antiquark, respectively, and by pl and
FIG. 1. Plot of  asymmetry cross section as a function of
~Z. Lines (a), (b), and (c) correspond, respectively, to  in the
cases where no kinematics cuts are imposed, kinematic cuts on
the Z decay products are imposed, and the full kinematic cuts are
imposed. Lines (d) and (e) correspond to the required  for 5
and 95% confidence reach, respectively.
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p the momenta of the lepton and neutrino arising from the
decay of the outgoing W. We treat the Z as an outgoing
particle with momentum kZ, since it can be reconstructed
easily using the Z! lþl decay product leptons. Then, we
will have new terms in the cross section proportional to
ðpq þ p qÞðpq  p qÞpl kZ: (9)
As explained above, such a term is a direct probe of CP
violation.
For the form of d given above, the integrated change in
the cross section will vanish. To obtain a nonzero result, we
must weight the events by an asymmetric observable,
which is itself parity asymmetric, for instance, the sign
of a triple product. We further observe that pq and p q have
nonzero components only along the time and beam axes.
This implies that the outgoing lepton and Z contraction
into the  is proportional to kTZ  pTl . Hence, for our
asymmetric observable, we should weight events by the
sign of the cross product pq  ðkZ  plÞ.
But we cannot measure the momentum of the quark, and
there is a 4-fold ambiguity in its reconstruction. We will
instead use the momentum of the Z along the beam axis as
a proxy for the quark momentum. Since the quark typically
has a larger momentum fraction than the antiquark, the Z
boson will typically move in the same direction along the
beam axis as the quark. Through numerical simulations we
find that this correlation is * 70%, so the CP asymmetry
will not be degraded significantly by choosing the Z mo-
mentum as the proxy for the quark momentum.
We will therefore weight events by
zðkZ; plÞ 	 sgnðkzZÞsgnðpl  kZÞz (10)
as a substitute for the more direct, but unmeasurable full
triple product. Although this substitution is imperfect, it
should provide for a nonvanishing weighted cross section
and a striking test of CP violation if it is present. The
resulting asymmetric observable is then obtained by inte-
grating the sign-weighted differential cross section
 ¼
Z
dðpp! W ! WZÞzðkZ; plÞ: (11)
Experimentally, this observable is measured by counting
trilepton events weighted by a sign determined from the
observed momenta.
IV. EVENT RATES
Considerable effort has been expended in determining
the ability of the LHC to probe corrections to the WWZ
vertex, particularly through the pp! WZ! lll channel.
We can therefore make use of the cuts and backgrounds
determined for previous WWZ analyses.
We will here follow the analysis presented in [9]. The
following cuts were used in this analysis:
(i) Three isolated electrons or muons with jj< 2:5 and
jPTj> 25 GeV.
(ii) Two leptons are of like flavor and opposite sign, and
reconstruct to an on-shell Z within 10 GeV.
(iii) Missing PT > 25 GeV
(iv) No other charged leptons with jj< 2:5, jPTj>
25 GeV
(v) There exists a solution for neutrino momentum that
reconstructs to an on-shell W.
Subject to these cuts, the number of events with 30fb1 of
integrated luminosity was found to be 2500, including
both tree-levelWWZ processes and other SM contributions
[9].
These events will be distributed symmetrically. We
therefore expect to have 1250 events with one particular
sign of thezðkZ; plÞ, and1250 events with the opposite
sign. The net expected value of the observable  is thus
zero. However, due to the statistical uncertainties, the
observable will have a variance of
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2500
p  50. To have
a signal-to-background ratio of 5, we need 250 asym-
metric events with 30 fb1, and by extrapolation, 460
asymmetric events with 100 fb1 of data.
Note that the number of asymmetric events required is
still only 10% of the number of tree-level events. This is
consistent with a small linear asymmetric correction,
where the quadratic piece can be ignored when computing
the statistical significance of the  asymmetry signal.
V. RESULTS
We can now calculate the reach of the LHC for the
vertex (8). We compute the linear interference term in
the pp! W ! WZ cross section by computing the
Feynman diagrams associated with q q0 ! WZ. There are
four such diagrams, three of which are SM diagrams
(s-channel W exchange, and t and u-channel quark ex-
change diagrams), and one is the CP-violating interaction
diagram (s-channelW exchange with CP-violatingWWZ
interaction). We then generate a large number of events
using PYTHIA 6.401 [10], modified to include the
CP-violating interaction and the weighted signs
zðkZ; plÞ. We calculate the cross section for the asym-
metric observable at the LHC to be
 ’ ~Z  ð3 103 fbÞ: (12)
It may seem surprising that such a large cross section is
generated by the addition of a dimension 6 operator (sup-
pressed by M2W). But the extra derivatives in the operator
allow a dependence on the external momenta, which can
enhance the signal. The momentum structure that domi-
nates the asymmetric signal scales as ðpq  p qÞ  ðpl 
p Þ=M2W , which can be large at LHC energies.
As shown above, we need460 asymmetric events for a
5 detection of this operator with 100 fb1 of data. Using
the results shown in Fig. 1, we conclude that LHC should
be sensitive to the ~Z operator coefficient at the level of
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~ Z & 0:002 (13)
with 100 fb1 of data. This is almost 2 orders of magnitude
better than the results of the LEP2 experimental
measurements.
This asymmetric observable can also receive contribu-
tions from CP-conserving terms (both from new physics
and the SM) with absorptive phases. The SM contribution
is in principle computable (as are the new physics contri-
butions, given the observation of the relevant new particles
at the LHC). But these absorptive phases are typically dealt
with by considering an observable that is defined as the
difference between two charge conjugate observables; the
absorptive phases then cancel. One can consider the above
asymmetric observable defined separately for outgoing
lþlþl and lþll states, and take the difference after
normalizing each by the total cross section to WþZ and
WZ, respectively (to account for the fact that the initial
pp state is not CP-symmetric). Of the WZ events we
generated, a Wþ was in the outgoing state 70% of the
time. Thus, this method for accounting for absorptive
phases should only reduce sensitivity by Oð1Þ factors. A
more complete analysis of these absorptive effects is pos-
sible, but beyond the scope of this paper.
The level of sensitivity is similar to the sensitivity that
electric dipole moment experiments have to ~
 and ~

[11–13], the coefficients of related CP-violating operators.
The sensitivity limits there are approximately j~
j< 5:2
105 and j~
j< 0:019 [13]. Although ~Z is the coefficient
of a different operator, it is often thought that limits on any
CP-violating operator apply to the rest of the operators,
since they are presumably related by the underlying theory.
We have no strong opinion on this connection, but merely
note here that under this philosophy the LHC sensitivity
rivals or may be better that of electric dipole moments.
VI. ADDITIONAL APPLICATIONS
In this paper, we have illustrated the general features of
an interference analysis that is very sensitive to
CP-violating physics. The interference analysis we pre-
sented can be applied to a wide variety of processes at
different experiments. For example, CP-violating correc-
tions to theWWZ vertex can also be studied at the Tevatron
[14], through the process p p! W ! WZ! lll.
Although the number of events in the sample is currently
low—approximately 13 candidate events in 1 fb1 at D0
[15]—some useful bounds may be obtainable if the lumi-
nosity increases substantially and the CDF and D0 experi-
ments are combined.
Similarly, one can probe CP violation in the WWZ
vertex at linear colliders [16] via the process eþe !
Z ! WþW ! ll. Note that the natural channel for
observing this effect operates when running well above the
Z-boson pole. As such, this type of analysis could provide a
very sharp tool at the ILC.
One can furthermore study a variety of similar
CP-violating operators at the LHC, such as ~
. Because
of the comparable efficiency in detecting the 
 as opposed
to the Z, one expects that the sensitivity to this operator at
hadron colliders is similar to the sensitivity to ~Z.
However, one would have to consider the background in
detail in order to assess the detection possibilities.
Lastly, one can certainly probe CP violation beyond the
WWZ and WW
 vertices using this type of interference
effect. For example, CP violation in the Higgs sector can
manifest itself in H ! ZZ decays after applying a similar
analysis.
These channels are currently under study, and we hope
to report on them soon.
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